Motor and sensory fusion, the basic processes of binocularity, must be present for bifoveal fixation with true fusion and stereopsis during ordinary viewing. The The macaque monkey is generally considered to be the best non-human model for investigations of both normal and clinically abnormal vision of humans. Although the quality of the monkey model has been based on a combination of anatomical and functional data, the validity of the model is best illustrated by
psychophysical measures of the performance proper ties of their vision. Without exception, monocular visual functions in macaque monkeys have shown excellent qualitative agreement with data from humans. I -7 Binocular vision, in comparison, has been studied less extensively, with the previous studies primarily being demonstrations of stereop SiS 8 -12 and disparity vergence. 13 . 14 More quantitative measures of the precision and accuracy of the normal binocular vision mechanisms in monkeys are neces sary to assess the applicability of extrapolating data from experimentally induced, abnormal binocular vision in monkeys to clinical vision disorders in humans.
Because of their frontally located eyes and conjugate eye movements, it is obvious that monkeys have binocular vision, but there are reasons to wonder whether the performance properties of their binocular vision are the same as those of humans. The most important of these reasons is that the response properties of binocular vision are directly dependent upon the lateral separation of the eyes and the interocular separation of the macaque monkey's eyes is approximately one-half that of a human's. Consequently, the monkey's binocular convergence for any near distance (the ratio of the interocular separation and viewing distance) will be about one-half that of humans. In addition, binocular disparity, which is the specific stimulus for both changes in convergence and stereoscopic vision, is proportional to the difference between the convergence angles of objects at different distances. Therefore, the monkey's binocu lar disparities for objects in different depth planes will also be about one-half those for humans. These differences in the stimUlus-response functions for ordinary binocular vision are substantial and might predict differences in the evolution of the oculo motor and/or perceptual components of binocular vision.
It is also important to examine both motor and 
ii: -12 ii: -12 R. S. HARWERTH ET AL. are represented by the open symbols and the average thresholds for the four monkeys are represented by the heavy line. The agreement between the functions is remarkable and clearly demonstrates the simi larities in the angular threshold disparities for local stereopsis in monkeys and humans. Taken together, this series of measurements has shown comparable behaviour in rhesus monkeys and humans for each of Worth's three degrees of fusion. After compensation for the differences in the lateral separation of their eyes, the operating characteristics of disparity vergence and stereoscopic vision of the two species are indistinguishable and, consequently, the performance limits for these visual functions must be determined by anatomical and/or neural constraints that are similar in both species. Further, if the normal mechanisms of binocular vision are the same, then it may be assumed that abnormal visual development should cause similar binocular vision anomalies, which substantiates the clinical relevance of studies of abnormal binocular vision in monkeys.
STEREO·DEFICIENOES IN MONKEYS WITH TEMPORARY STRABISMUS: A MODEL FOR THE MONO FIXATION SYNDROME
Of the attributes comprising the post-surgical vision of strabismic patients, perhaps the most interesting aspect concerns the differences in their second and third degrees of fusion; generally they have deficient stereopsis or stereoblindness while their fusional vergence amplitudes are norma1. The purpose of the present investigation was to quantify the spatial frequency response functions for disparity vergence and stereopsis in monkeys that demonstrated the major characteristics of the clinical entity known as subnormal binocular vision 32 , 34 or the monofixation syndrome ? 9 , 33 The six monkeys used in these experiments were originally treated to induce a constant, unilateral esotropia of 10-20 deg, but when they were old enough for behavioural testing, we found that they had regressed to orthotropia with unrestricted eye movements. Sub sequent behavioural measures confirmed normal re alignment of their eyes and normal disparity ver gence functions. In addition, some of the monkeys were mild amblyopes and some had deficient stereopsis. Altogether, the visual attributes of these monkeys seemed typical of the post-surgical status of many strabismic patients and studies of their binocular vision should be pertinent to the clinical entities known as subnormal binocular vision 32 , 34 or the monofixation syndrome ? 9 , 33
Examples of their fixation disparity versus forced vergence functions are presented in Fig. 1 (right  panel) . The data demonstrate that, although the monkeys had undergone extraocular muscle surgery and had experienced a period of esotropia during infancy, they subsequently recovered normal eye alignment and disparity vergence. It is important to note that the. fusional vergence functions for the experimental animals with prior strabismus are indistinguishable from those of control animals or humans with normal binocular vision (cf. Fig. 1, right  and left panels) . Thus, it can be concluded that, within the limits of psychophysical assessments of oculomotor responses, these monkeys had recovered orthotropic eye alignment and had developed normal motor fusion amplitudes, i.e. first-and second-degree fusion, that should have been compatible with third degree fusion.
The experiments on stereo-depth discrimination clearly demonstrated that each of the monkeys had stereopsis, but the individual responses varied from being essentially normal to a severe stereo-defi ciency. Stereothreshold functions for each of the six monkeys are shown in Fig. 2 (right panel) . Four of the monkeys demonstrated substantial stereo-defi ciencies with their final measurements revealing functions that paralleled the threshold function of normal stereopsis (continuous line). This finding may be important because the shape of the spatial frequency response function has been considered a reflection of the disparity channels underlying stereopsis. 52 , 53 Therefore, it appears that the main differences in stereopsis across the experimental subjects, in comparison with control subjects, is in degree, rather than kind, i.e. all the monkeys had stereoscopic vision but some had highly elevated thresholds. Further, the degree of stereo-deficiency was not, in any obvious way, related to the age at which the surgical esotropia was induced or whether the period of strabismus caused an amblyopia.
These investigations of the sensory and motor components of vision in monkeys reared with abnormal binocular vision have illustrated an inter esting quantitative component in Worth's degrees of fusion, i.e. normal second-degree fusion but abnor mal third-degree fusion. It is, however, important to mention that the number of subjects was small and that only one aspect of stereopsis was investigated: local stereopsis with high-contrast stimuli. It remains to be determined whether other aspects of stereopsis, for instance, global stereopsis , 54 are similarly affected. In either case, these studies have demon strated an experimental animal with the major characteristics of the monofixation syndrome, i.e. a period of strabismus, mild amblyopia, normal fusional vergence ranges, and elevated stereo thresholds, that should be an adequate model for psychophysical and physiological investigations of residual binocularity following the surgical treatment of infantile strabismus.
SUPRATHRESHOLD STEREOPSIS IN MONKEYS WITH STEREO-DEFIOENCIES: CONTRAST SENSITIVITY FUNCTIONS FOR BINOCULAR DISPARITY
The experiments described above have demon strated elevated stereothresholds in a group of monkeys whose visual attributes were characteristic of subnormal binocular vision. However, in addition to the well-qocumented reduction in stereoacuity, 48 -50 it is important to understand the stereo vision of these patients for the suprathreshold binocular disparities which are typically encountered in normal visual environments. It would be expected that binocular disparities larger than threshold would contribute to a perception of stereoscopic depth which could either normalise at some supra threshold disparities or remain abnormal across the entire range of disparities for single binocular vision. To investigate stereoscopic vision over a large range of binocular disparities, contrast sensitivity for depth discrimination was measured for disparities between the lower and upper limits of local stereopsis in normal controls and stereo-deficient monkeys. Depth discrimination data were obtained by two different procedures for determining disparity and contrast thresholds: (1) for small disparities, disparity thresholds were measured as a function of contrast, and (2) for larger disparities, contrast thresholds were measured as a function of disparity. The data from the two types of measurements were combined to obtain functions of contrast sensitivity versus binocular disparity.
Examples of the contrast sensitivity versus dis parity functions for a low spatial frequency stimulus (0.5 c/deg) are presented in Fig. 3 for two control monkeys (left panel) and two experimental animals (middle panel). The functions for the control animals are similar to published data for humans, 55 -57 but the functions for the experimental monkeys illustrate interesting deviations. The data presented in Fig. 3 (middle panel) are from one animal with a relatively mild stereo-deficiency (circles), another monkey with a more severe stereo-deficiency (squares) and, for comparison purposes, the average sensitivity from the two control monkeys (bold lines). It can be seen that the contrast sensitivity function for the subject with the milder stereo-deficiency is steeper than normal over the lower disparities, reaching normal sensitivity at approximately 10 arcmin. The data for the other subject did not reach a normal sensitivity at any disparity; the entire function is shifted towards higher disparities and lower contrast sensitivities. It is important to mention that the reduced contrast sensitivities for stereoscopic stimuli in these subjects cannot be explained simply by reduced sensitivities (amblyopia) for the DoG stimuli because the contrast sensitivities were similar for control and experimental monkeys.
To strengthen the clinical relevance of these animal studies, contrast sensitivity for binocular disparity functions was also measured on a human with normal binocular vision and a human stereo amblyope. The contrast sensitivity functions for the normal human and monkey subjects are indistin guishable (Fig. 3, right panel; circles for the human data, bold lines for the mean of the two control monkeys), providing additional evidence for identi cal processes for normal stereopsis in the two species. Similarly, the main features of the stereo-amblyope's function (Fig. 3 , right panel; squares) were similar to those for one of the stereo-deficient monkeys (Fig. 3 , middle panel), except that the position of the entire curve was displaced towards higher binocular dis parities for the human subject.
The results of these measurements of contrast sensitivity functions for subjects with threshold stereo-deficiencies for high-contrast stimuli have illustrated two types of responses for stimuli of lower contrasts. The uniform reduction of contrast sensitivity for binocular disparities, illustrated by the monkey with the more severe stereo-deficiency (Fig.  3, middle panel; squares) , can be explained by a reduction in the number of cortical disparity proces sing mechanisms, without necessarily a quantitative change in the response properties of the residual mechanisms. 58 The unusually steep contrast response functions found for the other monkey (Fig. 3 , middle panel; circles) and the human stereo-amblyope (Fig.  3, left panel; squares) indicate that the residual disparity processing mechanisms have high contrast thresholds, but low contrast gains. Thus, the data from these experiments predict that there should be a range of suprathreshold stereo-perception for patients with subnormal binocular vision. In some cases, normal stereodepth should occur for supra threshold stimuli, but for other cases normal stereo scopic vision would not be present at any disparity magnitude.
CONCLUSION
Our studies of binocularity in normal monkeys have shown that monkeys, as well as humans, have motor fusion reflexes that compensate for a broad range of vergence demands and allow the reliable extraction of stereoscopic depth information. The sensitivities of the oculomotor and perceptual processes to binocular disparities are quite similar in the two species, but in a natural environment, because of the difference in their interocular separation, the differ ences in distances needed to exceed the disparity thresholds for fusional vergence or stereopsis must be twice as large for the monkey as for the human. On the other hand, the similarity in their sensitivities to binocular disparities indicates that the neural mechanisms underlying binocular vision are essen tially identical in humans and monkeys. Hence, these data provide a rationale for a direct extrapolation of data from laboratory studies of abnormal binocular vision in monkeys to clinical vision disorders.
Our investigations of abnormal early visual experi ence demonstrate that a temporary experimental esotropia during infancy can cause specific sensory binocular vision anomalies that were not explained by oculomotor or monocular spatial vision deficits. It is important to note, however, that even the monkeys with high stereothresholds demonstrated stereopsis for the coarse binocular disparities required to initiate and sustain disparity vergence eye move ments. As a result, in agreement with Schor's studies, 46 , 51 we found that the differences in stereop sis between subjects with normal stereopsis and those with stereo-deficiencies were quantitative threshold differences rather than missing classes of disparity processing mechanisms. 59 The investigations of contrast sensitivity as a function of binocular disparity showed that each of the monkeys was capable of stereoscopic depth discrimination o v er a range of binocular disparities. For some of the monkeys, the disparity range was restricted at the low disparity end (the lower disparity limits), but the largest disparities com patible with stereoscopic depth perception (the upper disparity limits) were the same for both the control and experimental animals. In some cases, the contrast response properties of stereopsis appeared to be normal for suprathreshold disparities, while in other cases the threshold deficits persisted across all disparities.
In conclusion, it appears that a temporary strabis mus in monkeys caused developmental vision deficits that were specific for the mechanisms of Worth's third-degree fusion, while not affecting the mechan isms for first-or second-degree fusion. At face value, these monkeys appear to be an excellent research model for patients with subnormal binocular vision or monofixation syndrome as a result of strabismus surgery during early childhood.
